with a random sequence structure was prepared using a water born synthesis process to exclude potential residues of organic solvents. As charged comonomers cationic methacrylic acid-2-aminoethylester hydrochloride (AEMA), N-3-amino-propyl-methacrylamidehydrochloride (APMA) and anionic 2-methyl-2-propene-1-sulfonic acid sodium salt (NaMAS) were utilized. By application of a specific sintering procedure the copolymer materials were processed into transparent disks for conducting cell tests in direct contact. The copolymers were analyzed with respect to their composition and surface properties.
INTRODUCTION
Currently, various polymer-based materials are used in applications involving contact with cells such as cell/tissue-culture systems or implant materials. Materials such as polystyrene (PS), polycarbonate (PC), and polypropylene (PP), are applied as common bulk materials in cell culture [15, 19, 27] . Copolymers from acrylonitrile (AN) and co-monomers like cationic methacrylic acid-2-aminoethylester hydrochloride (AEMA) or anionic 2-methyl-2-propene-1-sulfonic acid sodium salt (NaMAS) have been explored as a possible substrate for cultivating fibroblasts. The interaction of the copolymers with human skin fibroblasts was investigated considering that these cells are among the first to colonize materials upon implantation or with prolonged external contact [3, 29] . For these biomaterials the cell growth correlated with the charge characteristic of the monomer. The adhesion and proliferation of human skin fibroblasts was favored on copolymers containing cationic AEMA, while, in contrast, the presence of NaMAS with anionic groups decreased both the attachment and proliferation of fibroblasts [1, 8] . This demonstrates that cellular functions are the result of highly diverse interactions between cells and biomaterials.
However, until now, most biomaterials currently available do not completely meet the complex demands. They are not specifically adapted for applications in contact with cells or other biomedical environments [24] . For commercially available polymers mostly neither biological relevant data nor information on their medical grade purity (chemical purity, cytotoxicity or endotoxin content) are available. The standard production methods for ANbased copolymers are radical polymerizations in N,N'-dimethylformamide (DMF) or N,N'-dimethylsulfoxide (DMSO) as solvent [11] [12] [13] [16] [17] [18] [20] [21] [22] [23] 28, 31, 33, 34] . This makes the resulting material potentially toxic for cells as these solvents cannot be removed completely by any drying method or reprecipitation procedure because of the strong intermolecular interaction of the solvent [4] [5] [6] 14, 25, 30] .
Therefore, a water born suspension polymerization was applied for the synthesis of the ANbased copolymers in technical scale, in which only water, the necessary monomers, and the water soluble initiator were present. Furthermore all cleaning and drying steps were performed in a way, which prevented contamination of the materials. Each processing step of the resulting materials was followed by an extensive characterization by several physicochemical methods to explore the impact of the processing on the material properties.
With these materials the study aimed to analyse the impact of positive and negative surface charge density on adherence, viability, integrity of the cell membrane, mitochondrial activity, and the morphology of a continuous fibroblast like cell line (L929). Therefore, based on our medical grade type of synthesis, we produced materials with increasing density of positive or negative charge by increasing the content of the charged comonomer. For acrylonitrile-2-aminoethyl-methacrylate-copolymer (p(AN-co-AEMA)) and acrylonitrile-N-(3-amino-propylmethacrylamide)-copolymer (p(AN-co-APMA)) the amino content (positively charged by primary amino group) was adjusted by a content of AEMA or APMA of 0.5, 1.0, and 2.0 mol-% in the feed. In case of acrylonitrile-sodium 2-methyl-2-propene-1-sulfonate copolymer (p(AN-co-NaMAS)) the negative charge content was increased by the sulfonate content (NaMAS content of the feed 0.5, 1.0 and 2.0 mol-%).
MATERIALS AND METHODS

Material synthesis
The basic AN monomer (Aldrich, > 99% purity) was distilled before use, whereas the other comonomers, AEMA (Aldrich; > 90% purity), APMA (Polyscience, Inc.; 98% purity), and NaMAS (Aldrich; 98% purity) as well as the initiator-system of potassium metabisulfite (KMBS) and potassium persulfate (KPS) were used without further purification. Prior 
Processing of disk shaped test specimen
For preparation of test specimen with a diameter of 13 mm and a thickness of 1 mm the copolymer was first homogenised by milling, then dried at 60 °C in vacuum and in a next step for each specimen 120 mg of the copolymer were inserted into a custom made tool and sintered under a load of 2000 kg at 120 °C for 30 s and subsequently at 70 °C for 90 s. The disc shaped samples were sterilized with ethylene oxide (45 °C, exposure time: 180 min) prior to surface characterization and biological tests.
Material characterization
Nuclear Magnetic Resonance (NMR)
The composition of the synthesized copolymers, as well as their sequence structure, was 
Gel Permeation Chromatography (GPC)
The number average molecular weight (M n ) of the synthesized copolymers was analyzed by gel permeation chromatography (GPC). The multidetector GPC consisted of a GRAM VS1 
Thermo Gravimetric Analysis (TGA)
Thermal gravimetric analysis (TGA) was carried out on a TG 209C (Netzsch, Selb, Germany)
under nitrogen atmosphere between 25 °C and 500 °C with a heating rate of 10 °C·min -1 .
Contact Angle (CA) Measurement
The wettability of AN-based copolymers was examined by dynamic contact angle (CA) measurements using captive bubble method at ambient temperature with a DSA 100 (KRÜSS, Hamburg, Germany). The diameter of the contact area between the surface and the bubble was around 2 mm. At least ten measurements on three different locations were performed and averaged to yield the contact angles and their standard deviation. 
Profilometry
Infrared (IR)-Spectroscopy and -Microscopy
Fourier Transform infrared spectroscopy analyses were carried out on a Bruker Tensor 27 IRspectrometer (Bruker-Optics, Ettlingen, Germany) equipped with an ATR unit at a resolution of 4 cm -1 with at least 64 scans in the frequency range of 300 cm -1 and 5000 cm -1 .
Sample surfaces were investigated with a HYPERION 2000 infrared microscope (BrukerOptics) equipped with an ATR objective (magnification 20x) connected to the infrared spectrometer. Analyses were performed in visual-reflectance mode using 32 scans at a resolution of 4 cm -1 . A raster size of 13 × 9 measurement points in an area of 350 × 250 µm was used for mapping. This realized a distance between each measurement point of 27 µm in x-and y-direction for a diameter of 20 µm of the imprinted ATR crystal. The obtained spectra were analyzed with the Software OPUS 6.5 (Bruker).
Raman Microscopy
For the shaped materials depth profiling and mapping by Raman spectroscopy was performed for sterilized and non-sterilized samples. A Bruker Senterra dispersive Raman spectrometer equipped with two lasers (785 and 532 nm) and a motorized x-, y-, and z-table was used for these investigations. Using a Raman objective of 50x magnification for the depth-profiling a step size of 0.5 µm and 20 steps (resulting in a depth of 10 µm) was used while for the mappings an area of 350 × 250 µm (13 × 9 measurement points with distance of 27 µm) was selected. The power of the laser was 50 mW for 785 nm wavelength and for 532 nm 5 mW while for both wavelengths the number of scans was 32 and the aperture 50 µm. In all cases the Bruker OPUS 6.5 software was used for evaluation.
Scanning Electron Microscopy (SEM)
All measurements were carried out with a Zeiss Gemini Supra 40 VP instrument equipped with a thermal field emission emitter and an Everhard-Thornley-Detector (secondary electron). The acceleration voltage was 5 kV in all cases. The samples were sputtered with a conductive coating of Pt/Pd 80/20 to prevent electric charging at the sample surface.
High Performance Liquid Chromatography (HPLC)
HPLC measurements were conducted with a Dionex Ultimate 3000 HPLC-System equipped with a Luna-C18 column (Phenomenex), a gradient pump (incl. degasser), and a 4-channel UV/VIS detector. The injection volume was 10 µL. An acetonitrile/water mixture (range from 10/90 to 90/10) was used as eluent at a flow rate of 1 mL·min -1 at 20 °C column temperature.
Two channels at 195 nm and 210 nm were used for monomer detection. Evaluation of the results was carried out with the Chromeleon ® -Software from Dionex.
Gas Chromatography (GC)-Head Space
The content of remaining monomer of the synthesized (co)polymers was analysed on a Hewlett-Packard (series 5890) system, which was equipped with a chromatographic column from Fisons Scientific (type DB624) and a flame ionization detection (FID) unit. The system was calibrated with solutions of acrylonitrile in DMSO in the range between 5 and 100 ppm.
The samples were prepared by dissolving 0.5 g of polymer in 4.5 g of DMSO (10% by weight).
Water-/Medium-Uptake Experiments
For water and medium-uptake experiments 0.3 g of dry polymer powder were weighed in adequate sample tubes. 20 mL of water or medium were added and the sealed tube was shaken for 24 h at 2 Hz at room temperature. Afterwards the polymer powder was filtered through a paper filter and weighed again. When constant weight was achieved after drying in a vacuum oven at 60 °C the mass was determined again. The uptake was then calculated by ratio of the weight of the wet sample divided by weight of the redried sample multiplied with 100.
Analysis of endotoxin content
Prior to cell exposure, copolymer samples were analyzed for their content of endotoxin.
Therefore, extracts were obtained and tested with the Limulus Amebocyte Lysate assay (LAL assay; QCL-1000®, Lonza, Cologne, Germany) according to manufacturer instructions.
Culture of L929 cells
According to the international standard EN ISO 10993-5 cytotoxicity tests were performed with cells derived from normal subcutaneous areolar and adipose tissue of a 100-day-old male NuAire, Incubator, Germany) on polystyrene using minimal essential medium (MEM Biochrom, Berlin, Germany) supplemented with 10 wt-% horse serum (ATCC, Wesel, Germany) and 1 wt-% penicillin/streptomycin/glutamine (Invitrogen, Darmstadt, Germany).
Every second day, the culture medium was changed. The cells were subcultured when they reached a subconfluence of about 80% by rinsing them with phosphate buffered saline, and by subsequent trypsinization using trypsin-EDTA solution (trypsin 0.25 wt-% and ethylenediaminotetraacetic acid 0.53 mM).
Cytotoxicity Tests
The copolymers were tested for cytotoxic effects using in vitro cell tests under static After reaching a subconfluent cell layer of about 50%, the culture medium was replaced by the extract. 48 hours later the viability of the cells, integrity of the cell membrane, mitochondrial activity, and cell morphology were analyzed.
For direct testing copolymer discs were inserted in 24-multiwell plates (Greiner Bio-One, Solingen, Germany) and were then seeded with L929 cells. 47,400 cells/cm 2 had to be seeded (according to pre-tests) so that after 48 hours a confluence of ~80% was reached (EN ISO 10993-5). Again the cells viability and morphology were analyzed and LDH and MTS assays were performed.
Cell viability
Cell viability was assessed using fluorescein diacetate (FDA) and propidium iodide (PI)
staining. Adherent cells were immersed in 500 µl/well FDA/PI solution made by diluting 5 µl × 5 mg FDA/mL acetone and 2 µl × 1 mg PI/mL PBS in MEM. After 5 min at 37 °C in the dark, cells were subjected to fluorescence microscopy with excitation at 488 nm and detection at 530 nm (FDA), as well as excitation at 543 nm and detection at 620 nm (PI).
Mitochondrial function studies
As many cell processes require the activity of mitochondria, a measurement of the activity of 
Lactat dehydrogenase (LDH)-release measurement
The activity of the cytoplasmatic enzyme lactate dehydrogenase (LDH) was measured by use of a colorimetric assay in the cell culture supernatant (Cytotoxicity Detection Kit (LDH), Roche, Germany) to evaluate the integrity of the cell plasma membrane at 492 nm using a TECAN SpectraFluor Plus spectrophotometer (TECAN). LDH is located solely within the confines of the cell. The appearance of LDH in the cell culture supernatant therefore indicates that the integrity of the cell membranes has been compromised.
Cell morphology assessment
The morphological phenotype of the cells was evaluated according to the USP 23-NF18 (US Pharmacopeial Convention) and the ISO 10993-5 using a phase contrast microscope in transmission (Zeiss, Jena, Germany) based on the cell shape and the organization of the cell layer. The number of cells on the samples was calculated as mean cell number from five different fields of view.
All experiments were performed in accordance with the ethical guidelines of Clinical Hemorheology and Microcirculation [2] .
Statistics
Data are given as mean value ± standard deviation for continuous variables and analyzed by a two-sided Student's t-test for paired samples. A p value of less than 0.05 was considered significant.
RESULTS AND DISCUSSION
Material characterization
The acrylonitrile-based homopolymer (PAN) as well as three sets of copolymers, in which the comonomer ratio was varied between 0.5 and 2 mol-% were obtained from the water borne synthesis process (Table 1 ). The absence of residual monomers of the obtained (co)polymers was proven by IR, TGA, and NMR. In addition, no residual monomers were found by GCHeadspace and HPLC investigations.
The real copolymer compositions were calculated from element composition determined by EA and differed from the nominal molar ratio of the feed concentration due to the different reaction kinetics of the comonomers, which caused a change of the molar ratio during polymerization. This resulted in a non-proportional higher amount of AEMA or APMA in the obtained copolymers, e.g. the AEMA content was higher by a factor of two (2 to 4.4) and in case of APMA by a factor of 5 (2 to 9.9) compared to the feed composition. The yield related to the starting amount of acrylonitrile monomer was higher than 80% (except for p(AN-co-AEMA) 4.4) for all copolymerizations. For copolymers with cationic monomers the number averaged molecular weight M n was in the range of 21 and 31 x 10 -3 g⋅mol -1 with polydispersities (M w /M n ) between 2.3 and 3.9 while for anionic systems the molecular weights were in the range between 36 and 51 x 10 -3 g⋅mol -1 with polydispersities around 4.8. The glass transition temperatures (T g ) of all copolymers determined by DSC were similar to the T g of polyacrylonitrile homopolymer (see Table 1 ). As the cell interaction depending on the properties of polymer-based biomaterials can be altered when exposed to a cell-culture medium, we explored the uptake of water and cell-culture medium without and with horse serum (Figure 1 ). For all copolymers the uptake of pure water has the highest value (>1500%)
followed by serum free cell-culture medium (appr. 1300%) and cell-culture medium including serum (appr. 1100%). This decrease follows the concentration increase of ions and peptides in the used liquids. After drying the mass of the powder increases related to the initial weight of the powder before it was in contact with the liquid because adsorbed residues of ions and peptide remain on the surface of the polymer powder. To investigate whether the media wash out any residue from the copolymer itself, tests were carried out by HPLC. For all polymer systems no residue could be detected. homopolymer. This indicates that during exposure to aqueous media a steady state for the contact angel will be reached and the hydrophobicity will not differ.
With Infrared-and Raman-microscopy the surfaces of the polymer disks were investigated to evaluate the chemical homogeneity of the surface (Figure 3 and Figure 4 ). The characteristic bonds of the different repeating units were identified (e.g. CN for acrylonitrile 2229 cm -1 , C=O for AEMA 1713 cm -1 or APMA 1710 cm -1 and C-C 1648 cm -1 for NaMAS) and integrated. The resulting mapping of the surface shows only some differences in intensity of the specific bond, which belong to irregularities in thickness of the specimen caused by unevenness of the formation tool. This was evaluated by comparison of visual microscopy pictures with the corresponding IR-or Raman-mapping ( Figure 3 and Figure 4 ). In addition to the surface chemistry also the morphology of the surfaces plays an important role for the proliferation and adhesion of cells on polymer-based materials [24] . Therefore the surface topology was investigated by SEM and profilometry. Figure 5 is showing that the surface planarity is a critical issue. Every scratch, damage or failure of the formation tool is replicated on the surface of the test specimen as shown in Figure 6 and Figure 7 exemplarily for profilometry and SEM images. Therefore the standard deviation and error bars of the roughness data are relatively large (up to 50%). With respect to these circumstances no significant difference in roughness of the materials can be reported and therefore cannot be taken into account for a discussion on influencing the cell behaviour during the exposure to L929 fibroblasts. 
Endotoxin content
Endotoxin values below 0.06 EU/ml were detected for all copolymer samples. According to the US Food and Drug Administration, this is below the limit for biomaterials of 0.5 EU/ml [7] .
Cytotoxicity testing
Indirect tests showed that there were no or only slight influences on the integrity of the cell membranes or on the mitochondrial activity of the L929 cells 48 h after being cultured in the copolymer extracts. In addition, the morphology of the L929 cells was not different to the morphology of these cells 48 h after culturing them with pure cell culture medium (control).
Cell viability and function
Additionally, direct cell tests were performed. The cytotoxicity of the substrates (sintered 
LDH release
There were no or only slight differences in the cellular LDH-release on the different substrates related to the concentrations of AEMA, APMA or NaMAS 48 h after seeding Cell morphology and cell density Figure 10 shows the typically morphologies of L929 cells cultured for 48 hours on the different copolymers and controls (glass), respectively. The morphological phenotype of the cells changed from spindle shaped and weakly sprouted to more flattened and more sprouted types, which can be attributed to the (slightly) increasing AEMA-, APMA-and NaMAScontent. In general, the number of adherent cells was higher on glass (713 ± 23 cells/mm 2 )
than on the acrylonitrile-based copolymers 48 h after seeding, reaching almost confluence 48 h after seeding. Cells, which underwent mitosis were much more frequent on glass than on p(AN-co-AEMA), p(AN-co-APMA) or p(AN-co-NaMAS).
On p(AN-co-AEMA) the confluence was between 60% and 80%; the number of adherent 
CONCLUSION
The study revealed that AN-based copolymers with different types of charges and charge density can be synthesised in technical scale and in medical grade quality. For the copolymer powders no significant differences for the uptake behaviour of water, pure cell-culture medium or cell-culture medium in combination with serum could be detected.
The formation process led to transparent and uniform disks with a homogenous surface chemistry and a comparable hydrophilic surface for all comonomers. Physico-chemical investigations of the shaped polymers before and after sterilization using ethylene oxide did not show any significant differences that could lead to distinct behaviour for the adherence of L929 mouse fibroblasts on the material. However, the formation process still had some technical limits with regard to the surface morphology that resulted in minor irregularities on the evenness. Nevertheless, statistically the surfaces were equal for all specimens that were exposed to L929 fibroblasts.
Cytotoxicity tests with L929 fibroblasts indicated that almost 100% of the adherent cells on p(AN-co-AEMA), p(AN-co-APMA), p(AN-co-NaMAS) and PAN were viable 48 h after seeding. MTS release suggested that the mitochondrial activity was not negatively affected by the different polymers. There were no or only slight differences in the cellular LDH-release on the different substrates related to the concentrations of AEMA, APMA or NaMAS 48 h after seeding, indicating that the integrity of the cell membranes remained unchanged [9] .
With increasing comonomer content the morphological phenotype of the cells changed from carried out to evaluate these results. However, these promising results might enable in future cell culture devices in which one cell type of a mixture will grow preferentially or medical devices which favour the growth of a certain cell type and in this way assist autoregeneration.
